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diameter of single orifice 
pipe diameter 


diameter of upstream orifice 
pipe diameter 


diameter of downstream orifice 
pipe diameter 


orifice diameter (inches) 
inside pipe diameter (inches) 


Reynolds number 


Gistance between orifice plates 
pipe diameter 


me ke 
kinematic viscosity (ft /second) 
rate of flow (rt?/ainute) 
Discharge coefrictent 
Subscripts 12 indicate coefficient based on radius 
taps across the upstreaa (or single) orifice plate. 
Subscripts 14 indicate coefficient based on radius 
tape acrogs the double orifice eccmbdination. 
Subserints ic indicate coefficient pasea on plpe 
taps located 2.5 diameters upstream from the up- 
stream orifice and % diameters downstream from the 
aownstream orifice. 
manometer pressure differential in inches of water. 
orifice area (square inches) 


temperature of water in desrees, #sahrenheit 
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Tho objeet of this investigation was to determine the 
performancs characteristics of two axially coincident 
orivicoes in sorlese 

The study was convucted while varying the following 
Pparangters : 

(a) tho axial iistance between the orifices, 

(b>) the size cf each orifice, 


6m 
(e) the flow rate; 1.6.6, the Reynolus Number. 


in varying these puraueters the number of possibile 
combinations is intindite, but. the 350 runs made in this 
investizsation clearly show thse ranse in which the double 
orifice acts 28 an daproved measuring; device. 

It can be concluded from the Results that a double 
orifice gan se vevised thet will sive the sause available 
mé@asuring head as a single orifice out with an improved 
statio pressure recovery. Ginco the upstreaa orifice of 
the aouble orifices combination has been shown oy this 
investigation to be independent of ths spacing dcietance 
and ths size of the downstream oriiice, a couble orifice 


meacuring system can be cevised using the upstrean orifice 


tS 
{ 


for flcw measurement aud the downstrean orifiee for improving 
prececur? recovery. This has the acyantase that stancardizeda 


uv 


coertisients for the single orifice can be used for the 


upstream orifice. 
In order to ascertain the optimum double orifice 
Combinations it is recommended that further tests be made 


in the range of orifice spacings from zero to one pipe’ 


diameters. 
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The purpose of thie investigation has been to study 
any possivlé interactions between two axially eolnaeicent 
orivises placed in series in a pipelines 

4A search of the literature revealed only a fow pertinent 
acticles on this subject. an experiment was reported in 
MEICate. ESL .esRine (1) in which fluid flow through 
orifices in series was undertaken using water. This test, 
Made oy lie w,. Liebart at Vice Inetitute, was run with g@quipe 
ment vary asueh smaller than that used 4n this investigations 
©Or @xaaple, the orifice dismeters were @.038" and the 
pressure head was varied from C* te 17" of water, The 
results of an invest&igation by Littaye (2) show that the 
influence of surface tension is preponderant at low velocities 
and for emall diameter orifices. For thin reason it was 
fsit that the uaterial of Lietart would be of little value in 
our investigation, 

A very interesting article by G. aalzholz (3) entitled 
"DS e wOppeldlende"” was found to bear Cirestiy on the subseckt 
of this thesis. Walszhole ran a carefully controlled exper- 
iment using two orifices in series with variable distances 
oGtween the orifices, He pesca that an arrangeaent of 
opiciess was found which gave a discharge coefficient 


extensively independent of Reynolds Number, 
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Equipment 


Piping 

The basic piping consisted of three inch nominal 
diameter seamless steel tubing flanced together in series. 
For clarity, the first section shall be called the upstream 
section, the third called the downstream section, and the 
center section called the test section. The upstrean section 
was nine feet in length with a bundle of 4" dlanmeter tubing 
two pipe diameters in lenreth placed in the inlet end for the 
purpose of straightening the flow. Seven test sections were 
used of lengths varying from 24" to 48". The downstream 
section was 64 feet long and had a gooseneck fitted on the 
outlet end which returned the water to the supply level thus 
keeping the test section full of water even at low rates of 
flow. Pressure taps were installed in the walls of all 
sections of the piping as well as in the flanges. The holes 
in the flanges were 1/8" in diameter and those in the piping 
were 1/16" in diameter. The upstream section had five taps, 
the downstream had twelve taps and each test section had a 
mumber consistent with the length of that particular section. 
All taps were staggered so as to minimize the influence of 
any one tap upon the next in the line of flow. Taps were 
installed in the top of the pipe before and after each orifice 


plate to vent any possible trapped air. 


ralabiay 4 


- oe * a 
oe FE tgnatt 


Z é 
— 4 7 
4 a - cy 
= 8 
, i 
r Q 


‘hale. 
- @& 
O 
e 
> 
Cay 
e ( s6 


“ 


> 


The orifice plates, wide in accorcanee with Asiieiets 
svecifications, ware sharp edged and manuractured from 1/3" 
sheet brace. (eo Figure Il}. the ratios of orifice clam- 
eter to pipe diameter ef tie plates used in these taate 
WOre Oe, CoE, Cod, Oe4 and O63. Tabs were laft on opposites 
Sijes Oo. the plates for eare in awe th the oricice between 
the flanges. One or c@ weg inserted batween sacl enc of 
the test seetion and tha upstrean and downstream sections. 

The manometer board conslated ef thirty-one clara 
tubes, 3 feet 4n lensth, l3dmn. outsiie diameter, ail con] 
neetes at their upper ends to a comson manifeld by one-half 
inch pubser tublnge Air could pe pusaped tnto the wanifvold 


oy means of & Bicycle pugp ana chess valve thu: Yoreiny 


down the ievel of the fluid in ali thse tubes to exny decired 
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Le 


level. This arrangenent waterially reduced the requirsd 


height of the manometer tubes au.u allowed the use of the 
fuii length of the bourd to sesaire the maximum prossure 
Giflerential in the sy:tom. the lower ence sf the neancaeter 


Were connected to tne taps in the pipeline oy one-half inch 
rudpber tubinie This arranze ent permitted the use of the 
Wator Crom the pipelines as & siexeBuring Pluid in the ganometeree 
mereury senomever wan used to seaagure the p.essure diirrere 
ene ostween the etmoeaphsre and tiie aanivoli. The alfrests of 


surface tengion and capiilarity wert ainimized oy tne use of 


tie 13 uae. tubing. ; 
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red py a Gulibrated orifice plate 
located about twenty-five feet upstream from the tags 
~ 6 : ~ 
@uuiomer.. Nadilus tape acrors thie orilice wess conneetsd 
With ruoser tubing to the botton of two 6 rout Slane tubes 
‘ 
Which in turn were interconnected throush a tee at obeLr 
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e¢onnection of this tee and thus equally ueprese doth cole 
umns of water when the prersures wore too hich to va ot- 
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@erved within thse length cf the save bubon (Ref, 45 palays 


eufined into the pipeline by @ sotoredriven 
centrifugal puwp rated at 250 gallons per minute at 35 lbes 
per aguere inche low was verled by aeang of & ilroitling 
Valve upstreaa from the etraightening vaenat. The eystem 
tiseharsec Into a channel which in turn emptied into large 
C4ihorated measuring bande 


‘ : . Mia <9 rca ee” 2a a. id Tauren 
The e ecitiesations sa.s2t covwn in thie fBebenste OWSE 


ee ree oe ee = Ried Ge A owen a Yorant we 
eo Ue} WES USSG BS & MILI 2M One uSGipn ana 


as 
ue 


’ wt = 4 wie 
Cones (Her 


A aes « BR 4 " 7, 
construction ci 


This investissation involved the variation of the 
Sollowing paranetora.s he upstraeaa orifice plate was varied 
using 0.3, Ge4, 6.5, 0.6 and 0.7 pipe diemeter ratios for a 
Ced pipe diumeter patio orifice plate downstrean. Lor sech 
somvination the Plow wes vasie!d in about Five gbeps 89 as to 
cover approximately the range of Reynolds Number from 
3 x 10% to about 2% 109. the progess was then repeated for 
aO.6 pipe dlumeter rutic orifice plute downstrasan.s this 
eotire routing was @erriai out for eaeh length of test 
SAcbion, gevern in umber. The @oupleted data consisatea of 
aoout 350 separately rscorced runSe AS Pecorded, the data 
snews the static pressure readings in inches of water for 
each tup, the mezeuring orifies pressure differcnea in 
inches of water, the manifold presaure in inches of mercury, 
che Darometric pressure in inches of mereury, anid the water . 
teuperature in degrees VYahrenhelte When the flew rate 
extenced seyon? ths eapaclty of the measuring orifice nanos- 
eter it wes detersined py the use of the Calibrated tania. 
fhe sipeline was adecuately vented before each run so as to 
purge the sysatom of ary entrapped e141. | 

Tha number of taps usec was aufrtioient te dalineate the 


gtatio pressure curve from 3,32 diameters upstresa from the 


firet orifice slats to 2.37 diameters cownstrezimn from the 
second or comnstream orifice plato. The static presaure 
Wag road to the nearest 0.05 inoh. The original data is 
tabulated in the Aonendix of this reporte The flow rate 
Was varied over as great & Panse an was belleved would 

wive accurate catae Tho upper limit of flow rate was de] 
terainei eltiher soy the pusup capasity or the maximum pressure 
girtcrentlal that could be measured on the eight foot 
manometer board, Zhe lowax Plow rates were Linited oy the 
sonusitivity of the eallbrated measuring orifice. (See 


* 


figure LX’). Tans readings to sccurately determing low 
Plow rates rewire very long periods of steacy flow. The 
time required te perform such runs was prohibitive cone 
pursd to the apparent value of the results to oe obtalinede 
The deta were used to cosmcute and plot curves of 
Gischarse coefficient, K, versus Teynolds lumber, and 
Variation of “tatie Pressure along the lsnagth of tho test 
pigeline. The éincharse coefficients carry tree Uulfferent 
subczoripts which are Jjetérmined by the points at wiiich the 
ressure readings were ta.onme 4. is determined by the use 
‘Of reciue taps on either side of the upstream o7lice@se “yy 


42 aicc deteruined by the use of radius teva; however, cne 
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is located upstrean fron the first or upstream orifice and 
the ocher is at a point downstre sn from the Becona or ccwne- 
stream orifices A.L are one plpe radius In length from 
their respeetive orifice platede go is based upon the use 
of pipe taps loceted at points 2 pipe dlemeters upatreaw 
from the firet orifice anc 5 pipe clametere Jownetreaa 
from tha second orificee All discharge coefficients tu- 
Cluie the velogity o: approach Pastore | 

Gross eurves of A for a constant valve of Reynolds 
umber equal to 10° wero plotted for each spacang distanes 
anc downstream orifice nize fer variations in the upEetLresm 
oritice Glameter ratlo. 

The static pressure curves were plottad on @ pers roenbas 
basis with unity representing the difference vétyveva ' the 
inimum pressure upstream and the cinigua pressure roached 
Within the sy°bteme . 

A plot alco was agde of the Percent Recovery in Ttatie 


Prossure versus Urifice Spseing for each orifice coabinations 
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the curves of Diseherge Coofficlents versus Reynolds 

“ tusbers shown in Sigures IV-AXXVi incicate that the dis+ 

etarge coefficient baced on any set of tans 16 practically 
independent of the Reynolds Number for the rance inves- 
tigated. These plots show the « Lssharge soe; ficients of 
the two orifices in geries based on three different sets 
of pipe taupe. X40 is paged on radius teps located one 
radius upstreaa and downetrean from the fliret orifice 
plate. Sah is ee on radius tape lovatea one radius 
upstream froa the first orifice plate anc one radius Jowne 
stream from the second (or downstreas) oritice plate. Bao 
is based on pipe taps located 2¢ pipe alameters upstream 
from the first orifice plata and ¥ pipe diameters downs 
stresa from the second orifice rlate. or the cases using 
tho 0.3 pipe diameter orifice ratio upstrean a coparture 


from this trend is noted which can be attributed to the : 


Llaex of preclaion in measuring low rates of Tlow. In ail 
Other Gases, howavar, the curves are consistently straight 
and parallel to the abscissae. 

The clots of Variation of Discharge Goerficient with 
Upstream Cricice Yatio vrown in Flaures 4c4ViieL incicate 


that the cosa. ficient of the upstream orifice & i6 ince- 


L2 
pendent of ths distence batween the orifice pilates and the 
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igure Por hand a Ryeeaotaen oy Pagure ALIX with 


eee ASAVIL to ALVIIZL ahow that the Aya values for the " ‘a 
- single and double orifice covbinations are the sane, It ar 


is this facet that shows thet the vouble orifice will sive 
give the sane eval lable measuring head as the einzle orifie 


The kaa! and . tA euyves show a decided peak for low 
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values e. a 
to coeur when woth: the ovifiees are the saue Bine. . Pe ee 


Dal Pe 


The pressure at the radius tep after the downstream 


> axial spacing divtance. This peak appasre 


os 


oritice ie always less thon that at the downstream pipe 


- 
tap; hence tas divftersnce in preasure for the discharge 7 
4 goerriciont, Say? is @lways sreater then thot for Hao? 
‘Therefore, the 1, curve will always lio above the 14) qurves 
It might be of intewest to note what would happon when 


m approaches Zero OF one 45 a Limite 
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This development fixes the end points of these curves. 
Just how these curves vary outside the region shown is 
unknown, but it is considered that the range of greatest 
interest was oovered in this investigation. 

Figures LI - LY are cross curves which were constructed 
from Figures IV - XXXVI to illustrate the variation of _ 
Discharge Coefficient versus Criffice Spating. From these 


curves it 18 evident that the range in which the distance 


between orifice plates 4s effective in improving the discharge 


eoefficient lies within the four pipe diameter spacing dis- 
tance, The discharge coefficient is extensively constant ; 
for spacing ratios greater than thie valu@e 

It is to de noted that the single orifice arranzement 
sives a hisher discharge coefficient than does any double | 
orifice combination studied in the apucing range greater 
than four diametera.e Hence the double orifice is of doubte 
ful vaiue with epacing ratios greater than four ciameterse 

With spacing ratios less than four dicmeters the dis~ — 
eharce coe'ficient tends to inerease with decrease in 
spacing ratio. with upsteern orifice size goeller then that 
of the dowmstrean orifica, the diccharge coefficient passes 
through a peek and terminates at zero spacing with the value 
the upstream orifices would have ap & single orifices With 


the upstream oritice sizes eyuel to or larger than the 


downstrean orifice, no peek was reached. However, the 
closest spacing used in the experiments was not adequate 
to define clearly the region below Qe856 pipe diameters. 
it is xnown only that the final value at zero spacing will 
ve that corresponding to the smaller of the two orifices. 
Figure LVI illustrates’ the averages statis pressure 
gracient in the vicinity of a single orifice. Ciose to the 
inlet side of the orifice thre static pressure increases 
slightly and reaches ite maximum value at the entrance to: 
the orifice, The pressure drops abruptly as the fluid 
flows through the orivice, and on the outlet side the 
pressure continues to decrease slightly until a sinimun 
Value is reached. This minumum value known as the Yena 
Contrecta vwolnt occurs @ short Gistance beyond tho orlivive. 
(Refs, 4. = pe 36). Beyond the Vena Contracta the pressure 
increases slowly at first, then rapidly for a short distance, 
than again more slowly until its second magimum is reached. 
The etatic prsssurs curves vere plotted on a peroentaze 
basis with unity representing the differences between the 
minimum pressure upstream and the ainimum beaeaaen reached 
within the system. when plotted in this manner the second 
maximum is equal to the per cent recoverye fhe sevcernty toes 
ie the cifference between 10C percent ani the percent. 


recoverye The por cent loss sapres¢ed as a fraction is 


es 


nearly equa to one sinus the @ouare of the orifice dlameter 
ratio (Ref. 4a). . a 

fhe maxinum recovery for the single orifice was reached 
at about four pipe Giameters regardless of orifice BLL in 
teating the gouble orifiee Soubina tors ® much greater spacing 
Patio was used to verify the belief that an orifice placed | 
at any greater alatance downstream than that neocecsary for 
fuli reeovery in @ single orifice would ach as another 
separate single orifices independent ef any orifice logeted 
further upstreate This fact gan be veriried by Lleoking At 
the m' © 0.5 curve of Figure LYIi (or the a! * 6.6 curvé of 
‘Figure LVIZi@. This shows that the per gent drop asrosb 
the vostrean orifice ie equal to the per cent drop #erdss 
the downstreas orifice for equal gized orifices. 

eigures LXI to UXIV show that an inereaee din prepaute 
across an orifice is obtained when an orifice Bidchtry 
Bcaller is pleased upstresme Figures LAV and Lavi ahow that 
when the specing 4s made a7aller even @n eoual aise orifice 
upsetrean Gaufer &@ pressure risd acrose he downstream ordfice. 

This pressure rice is interpreted ag f@liows. The flow 
through any orifice eontracts and expants es illustrated in 
the sketches of Figure LAIX. Whenever the cownstrean orifice - 
Glosely approximates the size of the jet, a pressure rise 


aAGrors chia orifice xill ocour. Those combinations which * 


produce a pressure rise across the se@econc orifice attain 
their baKidik Seensuce Pecovery in a shorter axial distance 
than that required by & single orifice, The second orivice 
ersates a drag on the edge of the bigh velocity stream and 
causes the stream to Giverge more rapidly than if it were 
left undisturbed. This divergence causes sore rapid con- 
version of the kinetic energy into potential eneray in the 
fora of static pressure. This second orifice also confines 
and reetricts the region of eddy notion produced by the 
upstrean orifices 

the aotucl pressure curves delineated by the data | 
obtained for any flow rate for any test setup were ell 
@imiler in ehape and, when plotted on a percentage basis, 
coincided. This simllerity in shape 1s to be expected 
Since the discharge coefficient is practically independent 
of Reynolds Number. 

Figures LAVII and LAYLIIL are cess curves of the statia. 
pressure surver taken in the maximum recovery region down= 
stream of the test section. They indicate orifice sombina- 
tions and spacings that produce the best recovery for the 
sane available nessuring heade 

The curves of Maximun Recovery versus Spacing Distance 
are siuilar to the curves of Dischagge Coefficient versus 
Specing Distance in that they both show incressed valuea in 


the spacing rangs lese then four pipe dlaueters. 


Xs 


as 
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ata 


These lattver curves. are useful in analyzing the merits 
of the doublse omifice bessuse they indicate that the recovery 


of any single orifice can be laproved without vedusing its 


Sv@ilabie measuring head. This ean be done by placing an 


erifics downstream which ie approximately the gage size or 
Lerger than the first. As an Ooxanple, asmime thet a 065 
single orifice 1s to be installed to measure a certain 
range of flow rates with a particular range of asasuring 


heedéas Figures [.4vIs and LAVIII indicate that either a 


O25 or CoG orifice placed clishtly less than one ciameter 


downstreean wili give a hicher recovery prearure with the 
seme availeble measuring heud across the Firat orifice. 
This exumple can pe extended to illustrate that any single 


orifice can be improved by a praper double orifice contination. 


le A pré@ssure rise throuch the segond orifice of a 
' €ouble orifices combination ia obtained when the axial 


epacing between them is less than about 266 pipe diameters. 


and when the firet orifice dlameter is approximately equsl 
to or less then that of the sesonce 

Qe when the orifices are separated by sore than about 
4 pipe dlameters both omifices act independent cf each 
other; wherean the discharse socfficient of the upstream 

q orifice is always Independent of the downstream orifice 
size and locations } 

Be The cischarge coefficient for the couble oririee 
was independent of Reynolds vumex 4n the range of inves- 


4 to 2m 10°). 


tigetion (4 x 10 
4, 4m inerease in discharge rate through an orifice 
for the same flow head ean be obtained by plaging another 
orifice in series with it such that a pressure rise occurs 
across the second orifice. 
Se A double orifice combination can be Cevised which 
will have. the sane available agasuring head as a single 
orifice but with a svaller pressure load. Standardized 
coefficients for the single orifice can be used for tha 

‘ Upstream orifice ginsce 1¢ has been shown to be independent 
of the specing distance and the size of the downstream orifices 


4 
9 1 


we 


ie further investigations should be sade in the range 

of ovifice apacings of zero to one plhe cicneterss 

Je It is suggested thet in further studies other orifice 
combinations should be used, possibly holding the upstream 

| Gise constant and varying the downatraean size over a limited 
Vangee 

3. In thie investigation 1% was found that the centrife 
ugal pump usec caused slight pulsations in pressure; hence, 
it 15 recommended that a standpipe with eonstant head be 
aed in future worke 

Ae It is retommended that flow measurements in the 

tests be made with two orifices wo arranged that a broad 
ranc® Of flow cen be measured. A Sidll orifice te be used 
in mearuring low ratea of flow and a large one for high 


Fates of flow. This arrangenent should be oery to devises 


a} 


. The test equipment should o@ mace of some non- 
ecorresive materiale | 

65 it is sucsested that photoxraphy be used to analyze 
thea flow ecncitionse This would require the use of two= 
Gimoneional flow and its extrapolation to the three=- 


dimenaslonal cas@e 


‘ Re a 33 


: 411. pipe tap digtances are given in inehss from the 
upetroam Piange fate. When bolted together, the espace 


between flange faces in 5/16". Orifice plates ere 1/8" thick. 
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SAMPLE CALCULATIONS 


Discharre Coefficients 5 


= = K A y Z g ah ( Cubic feet per minute ) 
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Example 


Q = 12 cubic feet per minute 
m = 0.5 pipe diameter 
D = 055 (3.25)/= 1.625 inches 


Ah = 92 inches of water 


a eG erie. (12) 


SF vale ee Z 
(1.625) 492. 764 (96) 0, G2 
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Reynolds Number, Re : 
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0.9% (10°) (iees) 
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Example 
Q = 12 eubiec. feet per: minute 
D = 1.625 inches 
7 = 74 degrees F 
Y = 0.0000099 square feet per second for 74°F 
oes. (12) 3.06 
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SaMPLE OF CALCULATION USED IN THE CONSTRUCTION OF THE CURVE 


OF VARIATION OF STSTIC PRESSURE 
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inches of 
water 


X 100 = 100% change in static pressure 


For example, 
= 90 
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ho = 10 


(100) = 62.5% 
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